Transient receptor potential vanilloid subtype 1 (TRPV1) is a heat-sensitive ion channel that plays a key role in enhanced pain sensation after inflammation, but directly blocking TRPV1 causes hyperthermia and decreased sensitivity to painful levels of heat in animals and humans. Here we explore an alternative analgesic strategy in which the modulation of TRPV1 is inhibited by antagonizing the interaction between TRPV1 and A kinase anchoring protein 79 (AKAP79), a scaffolding protein essential for positioning serine-threonine kinases adjacent to target phosphorylation sites. We first defined key residues in the domain in TRPV1 that interacts with AKAP79, and we then used this information to construct short peptides capable of preventing TRPV1-AKAP79 interaction. An effective peptide, when coupled to a TAT sequence conferring cell permeability, was found to be analgesic in three mouse models of inflammatory hyperalgesia. These results demonstrate the potential value of interfering with the interaction between TRPV1 and AKAP79 as a novel analgesic strategy.
Introduction
The transient receptor potential vanilloid receptor subtype 1 (TRPV1) ion channel is activated by noxious temperatures above 43°C and is expressed in nociceptive (pain-eliciting) primary afferent nerve fibers (Caterina et al., 1997) . Activation of TRPV1 by heat or by other activators, such as capsaicin, the active ingredient of chili peppers, causes a sensation of burning pain. Heat hyperalgesia, in which the threshold for heat pain is lowered after inflammation or injury, was found to be reduced when TRPV1 was genetically deleted (Caterina et al., 2000; Davis et al., 2000) , suggesting that blockers of TRPV1 will have value as novel analgesics. Two difficulties have emerged in trials of TRPV1 blockers, however: (1) block of peripheral TRPV1 causes hyperthermia, and (2) the heat threshold is elevated, which could lead to accidental burns (Gavva et al., 2007; Papakosta et al., 2011; Vay et al., 2012) . These problems have essentially halted development of TRPV1 blockers as analgesics. In the present study, we develop an alternative strategy for inhibiting inflammatory hyperalgesia caused by TRPV1, namely blocking phosphorylation of TRPV1 rather than blocking the channel itself.
Inflammation leads to the release of a range of extracellular mediators, including bradykinin, prostaglandin E 2 , and nerve growth factor, which lower the heat activation threshold of TRPV1 by activating cellular kinases whose action is to phosphorylate TRPV1 (Cesare and McNaughton, 1996; Fischer et al., 2010) . The reaction speeds and specificities of kinases are in many cases enhanced by scaffolding proteins whose function is to assemble a signaling complex of kinases together with a target substrate. The A kinase anchoring protein (AKAP) family of scaffolding proteins were originally named for their ability to target PKA to appropriate substrates but are now known to assemble signaling complexes of other kinases, such as PKC (Welch et al., 2010; Sanderson and Dell'Acqua, 2011) . AKAP79 (rodent homolog AKAP150), which has binding sites for both PKA and PKC, is coexpressed with TRPV1 in small nociceptive sensory neurons (Zhang et al., 2008; Brandao et al., 2012) . AKAP79 binds to TRPV1 and is essential for PKA-and PKC-dependent sensitization of TRPV1 (Schnizler et al., 2008; Zhang et al., 2008; Jeske et al., 2009 ). The binding site for AKAP79 on TRPV1 has been located within amino acids 736-749 in the TRPV1 C-terminal domain (Zhang et al., 2008) . In the present study, we define critical residues within this binding site, and we show that peptide antagonists to TRPV1-AKAP79 binding can disrupt sensitization of TRPV1 in vitro. A cell-permeable peptide antagonist can effectively abrogate inflammatory hyperalgesia in vivo.
Materials and Methods
Plasmids, mutagenesis, and cloning. Human TRPV1 subcloned into the pCDNA3-V5-His-TOPO vector (Invitrogen) was used (Zhang et al., 2008) . Human AKAP79 was obtained from Dr. John Scott (University of Washington, Seattle, WA). Site-directed mutagenesis was performed via the QuikChange II XL kit (Stratagene) according to the recommended protocol. All cDNA constructs were confirmed by sequencing.
Cell culture and transfection. Dorsal root ganglia (DRGs) were harvested from C57BL/6 mice of either sex aged 6 -12 weeks and were transferred into DMEM (Invitrogen). Ganglia were treated with 0.25% collagenase type IV (Invitrogen) for 1 h and subsequently dissociated using pipette tips of decreasing tip diameter, plated on dishes or coverslips coated with poly-L-lysine and laminin (1 mg/ml; Sigma), and cultured in DMEM supplemented with 60 g/ml penicillin and 100 g/ml streptomycin (Invitrogen), 200 g/ml glutamine (Invitrogen), 10% fetal bovine serum, and 2.5S mouse NGF (100 ng/ml; Alomone Labs) at 37°C and 5% CO 2 . Electrophysiological recordings were performed within 2 d of dissociation. HEK293 cells were cultured at 37°C and 5% CO 2 as above but without NGF. HEK293 cells were transferred into antibiotic-and serum-free medium before transfection (Lipofectamine 2000 from Invitrogen or Metafectene from Biontex) according to the protocol of the manufacturer. After 6 -10 h, cells were replated at suitable density onto coverslips or 35 mm dishes precoated with poly-L-lysine (1 mg/ml). For patch-clamp experiments, HEK293 cells were cotransfected with GFP (1:3 ratio). TRPV1 transfection typically caused a more rounded morphology than is normal in HEK293 cells, particularly in highly expressing cells (see Fig. 3 ), but TRPV1-expressing cells continued to be viable in culture.
Immunocytochemistry, confocal microscopy, and image analysis. To define the location of the plasma membrane, HEK293 cells were stained with wheat germ agglutinin (WGA)-Alexa Fluor 594 (5 g/ml) for 10 min on ice. Cells were then fixed with 4% paraformaldehyde and 0.2% glutaraldehyde in PBS at room temperature for 20 min. Cells were permeabilized with 0.2% saponin, and nonspecific binding was blocked with 0.1% fish skin gelatin. HEK293 cells expressing TRPV1 were stained with mouse anti-V5 antibody (1:1000; Invitrogen) for 3 h and Alexa Fluor 488 anti-mouse secondary (1:500; Molecular Probes) for 1 h. Images were acquired on a Leica SP5 confocal microscope with a 63ϫ plan apochromatic oil-immersion objective (numerical aperture 1.4). The pinhole was set to a diameter corresponding to 1 Airy unit. Alexa Fluor 488 was excited by the 488 nm line of an argon-ion laser and emission was detected in the range of 498 -586 nm; WGA-Alexa Fluor 594 was excited with a 543 nm helium-neon laser and emission was detected at 586 -690 nm. Cells were sampled fourfold in line-scanning mode, separately for all fluorophores. Analysis was performed using NIH ImageJ (http://rsb. info.nih.gov/ij/). Regions of interest (ROIs; see Fig. 3 ) were generated to measure average cytosolic and plasma membrane fractions of TRPV1 and its mutants. The plasma membrane location was determined by thresholding the WGA image, with subsequent dilation and erosion to provide a smooth ROI (see Fig. 3A ). The cytoplasmic ROI excludes the nucleus, which had a lower fluorescence intensity.
Coimmunoprecipitation. AKAP79 and TRPV1 mutants were expressed separately in HEK293 cells for 24 -48 h. Protein was harvested in ice-cold isotonic Tris-Na buffer (20 mM Tris and 150 mM NaCl), 1% NP-40, and 10% proteinase inhibitor cocktail (Roche). Whole-cell extracts were mixed for 1 h with anti-V5 antibody (Invitrogen) and then incubated overnight at 4°C with Protein A agarose beads previously blocked with 0.5% BSA. The immunocomplex was pulled down by centrifugation at 12,000 ϫ g and washed three times with ice-cold lysis buffer before dissociation at 100°C with Laemmli's sample buffer (Sigma) before running on a Western blot. Bands were detected with anti-AKAP79 (Santa Cruz Biotechnology), and the blot was stripped and reprobed with mouse anti-V5 antibody (Invitrogen). Analysis was performed using NIH ImageJ. Precipitation was normalized to the respective TRPV1-V5 intensity and compared with the wild type (WT).
Calcium imaging. HEK293 cells on coverslips were loaded with fura-2 AM (3 M) in the presence of 0.02% pluronic F-127 (both from Invitrogen) for 30 min, placed into a glass-bottomed dish, and mounted on a Nikon Eclipse Ti-E inverted microscope with a 10ϫ Plan Fluor objective. Cells were continuously superfused with gravity-driven HEPES-buffered extracellular solution (in mM: 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, and 10 glucose, adjusted to pH 7.4) or test solutions through a common outlet. Protocols were pre-programmed and applied via controlling pinch valves (CV Scientific). Cells were illuminated with a monochromator alternating between 340 Ϯ 10 and 380 Ϯ 10 nm (OptoScan; Cairn Research), controlled by WinFluor 3.2 software (Dr. John Dempster, University of Strathclyde, Glasgow, UK). Pairs of images were acquired every 2 s with 100 ms exposure time using an iXon 897 EM-CCD camera (Andor Technology). Image time series were converted to .tiff and processed by an NIH ImageJ macro. Images of the background intensity were calculated for both wavelengths by a median filter and subtracted from the respective image stack. Capsaicin-responsive cells were identified by summing the maximum increase at 340 nm and the decrease at 380 nm after the fourth capsaicin application. ROIs were adapted to these cells and were used to calculate fluorescence ratios, followed by transformation to calcium levels (Grynkiewicz et al., 1985) . The average time course of calcium changes in all capsaicin-responsive cells was calculated as mean Ϯ SEM (see Figs. 1B, 2A) . For every cell, the calcium increase (⌬[Ca] i ) after application of capsaicin was calculated between the baseline (over 10 s immediately before application of capsaicin) and peak calcium reached within 60 s after capsaicin application. In experiments to measure the sensitizing effects of PKC activation (see Fig.  2A ), capsaicin (200 nM) was applied for 1 s six times at intervals of 5 min, and after the fourth capsaicin application, phorbol myristate acetate (PMA) (1 M) was applied for 180 s. Sensitization was calculated as the ratio of ⌬[Ca] i after the sixth and fourth capsaicin applications. Sensitization of TRPV1 measured in this way is not affected to a significant extent by processes such as calcium release from the endoplasmatic reticulum or influx through voltage-gated ion channels (Bonnington and McNaughton, 2003 ). An additional consideration was that calcium transport and buffering processes, which vary among different TRPV1-expressing neurons, affect later stages of the response time course but have little effect on the peak response (Lu et al. 2006) . At the end of all protocols, the calcium ionophore ionomycin (5 M) was applied to saturate [Ca] i .
Patch-clamp recording. Whole-cell voltage clamp was performed on small-diameter DRG neurons (Ͻ20 m diameter). Membrane currents were acquired with an Axopatch 200B amplifier (Molecular Devices), low-pass filtered at 1 kHz, and sampled at 2 kHz. Glass electrodes (GB150F-8P; Science Products) were fabricated (P-97; Sutter Instruments) and heat polished on a microforge (MF-830; Narishige) for a final resistance of 2.5-5.0 M⍀. To limit capsaicin-induced currents, the external sodium was reduced to 30 mM, substituted by N-methyl-D-glucamine (110 mM), and titrated with HCl. The internal solution contained the following (in mM): 140 KCl, 2 MgCl 2 , 5 EGTA, and 10 HEPES, adjusted to pH 7.2. All experiments were performed at room temperature and a holding potential of Ϫ60 mV. Heat stimulation was performed with a linear ramp from 22°C to 44 -45°C within 5 s applied every 45 s by a heat filament driven by a WAS02 device (Dittert et al., 2006) . The pClamp 10 software (Molecular Devices) was used for acquisition and offline analysis. Capsaicin was applied every 45 s for a period of 5 s. After an initial tachyphylaxis to the first two applications, no trend in maximum current amplitude was observed from the third to the seventh applications (see Fig. 4A ).
Chemicals. Peptides with at least 80% purity and HPLC and mass spectroscopy confirmation were obtained from Biomatik. Transmembrane uptake of peptides interfering with the TRPV1-AKAP79 interaction was promoted by coupling to TAT (transactivator of transcription of HIV, which contains a series of positively charged amino acids). The negative charges at positions 737 and 738 of peptides mimicking the TRPV1 binding domain (amino acid numbering for hTRPV1) as well as the strongly positively charged C-terminal end of TAT favored addition of TAT to the C-terminal end, generating 736-745-TAT (KDDYRWCF RVYGRKKRRQRRR). The scrambled sequence was RFVCWDKYRDYG RKKRRQRRR (scramble-TAT). Capsaicin and PMA were obtained from Sigma-Aldrich.
Behavioral experiments. Male mice (strain C57BL/6) 6 -12 weeks of age were used for behavioral experiments. Animals were kept in a temperature-controlled environment (21°C) on a normal 12 h light/dark cycle and had food and water available ad libitum. For the Formalin test, mice were injected with of a test peptide in 20 l saline into the left plantar hindpaw, and after 30 min, a formaldehyde solution (20 l, 4% Formalin, 537 mM) was injected into the same site. Mice were tested on opaque glass and observed through a mirror below. The total time spent lifting, licking and biting the injected paw was considered as pain-related behavior and was recorded in 5 min intervals from 5 min before to 60 min after injection (see Fig. 6A ). For PMA-induced nociception, mice were habituated for 2 h in the test chambers. PMA (50 pmol/paw) and a test peptide were mixed and injected in 20 l saline into the left plantar hindpaw. The total duration of licking and biting of the injected paw was considered as pain-related behavior (Ferreira et al., 2005) . Animals were observed for 1 h after the injection (see Fig. 6B ). For the Hargreaves test, mice were habituated for ϳ1 h in the test chambers. To assess inflammatory heat hyperalgesia, a test peptide (10 M in saline, 20 l) or saline (20 l) was injected into the left hindpaw, and 30 min later, -carrageenan (2% in saline, 20 l) or saline (20 l) was injected at the same site. Paw-withdrawal latency during heating was measured by a fixed infrared stimulus (Ugo Basile). Maximum stimulus duration was 15 s to prevent tissue damage. Observers were blinded to the identity of test injections. All licensed procedures were approved by the United Kingdom Home Office.
Data analyses. Two independent groups of data containing Ͻ10 samples were compared using the nonparametric U test. Two groups containing 10 samples or more were compared with a paired or unpaired t test as appropriate. Repeated measurements and multiple groups were compared by ANOVA and honestly significant difference (HSD) post hoc tests. Statistical analysis was performed using Statistica 8 (Statsoft), and dose-response curves were fitted by the Hill equation in Origin 7.5 (OriginLab). Data are presented as mean Ϯ SEM; p Ͻ 0.05 was considered significant. Significance levels are as follows: n.s., nonsignificant; *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
Results
Amino acids in the range of 736-749 in the TRPV1 C-terminal domain have been shown to contain the AKAP79 binding site, and antagonism of the binding of AKAP79 to this domain abolishes sensitization of TRPV1 after activation of PKA or PKC (Zhang et al., 2008) , but no details are known about critical amino acids within this binding site. Alanine mutants were constructed by site-directed mutagenesis to examine the importance of each individual amino acid in the TRPV1 binding site for AKAP79. Expression of all TRPV1 mutants was shown to be normal on Western blots (Fig. 1A) . Functionality was then probed using calcium imaging and the TRPV1-specific agonist capsaicin ( Fig. 1 B, C) . All alanine mutants except for D738A and R740A were found to be sensitive to capsaicin. Further mutation of R740 to Q generated a capsaicin-sensitive mutant. In the case of the aspartic acid at position 738, which is conserved across species, we found that none of the mutations to S, N, and Q, were responsive to even elevated capsaicin (2 M), and it was therefore not possible to test the impact of a mutation of D738 in a direct sensitization assay.
The effect of these mutations on sensitization of TRPV1 was investigated by activating TRPV1 using brief applications of capsaicin in a calcium imaging assay and then observing the enhancement in activation of TRPV1 caused when PKC is activated by PMA (a potent and specific activator of PKC). The calcium imaging method provides a convenient measure of sensitization of TRPV1. Sensitization of WT TRPV1 by PKC activation was highly significant ( p Ͻ 0.001; Fig. 2A , ANOVA, HSD post hoc test). PKC-dependent sensitization was essentially unaffected by most alanine mutations (Fig. 2B ) but was abolished with the mutants C742A and V745A, suggesting that these two amino acids locations play a critical role in the AKAP79-dependent sensitization of TRPV1.
Binding of AKAP79 to TRPV1 promotes trafficking of TRPV1 to the membrane in addition to its effect on sensitization (Zhang et al., 2008) . Enhanced trafficking increases TRPV1 expression in the cell membrane but is a slower process than sensitization, which results mainly from an increase in the open probability of TRPV1 ion channels already in the membrane (Studer and McNaughton, 2010) . The two measures of AKAP79 -TRPV1 interaction are therefore essentially independent. We used immunocytochemistry to determine the effect of alanine mutations on the distribution of TRPV1 mutants between the cytoplasm and the plasma membrane. Figure 3A shows that a ring of TRPV1 expression was visible at the membrane location defined by the binding of WGA, although the resolution limit of light microscopy means that this juxtamembrane region could also contain some signal from TRPV1 present in submembrane vesicles. Mutation of D738, R740, and C742 to alanine reduced trafficking of TRPV1 to the membrane when compared with WT ( Fig. 3B ; p Ͻ 0.001, p ϭ 0.001, and p ϭ 0.009, respectively, ANOVA, HSD post hoc tests). Therefore, the trafficking experiments identify a group of amino acids partly overlapping those identified from sensitization experiments. The overlap may be greater than it appears, because it was not possible to test D738 in sensitization experiments as this mutant does not respond to capsaicin (see above).
We next used coimmunoprecipitation to test more directly whether some of the mutants identified in Figures 2 and 3A inhibit interaction between TRPV1 and AKAP79 (Fig. 3C,D) . A reduction in binding was observed for C742A and V745A, which had been identified in sensitization experiments (Fig. 2) and for D738A and C742A, identified in trafficking experiments (Fig.  3 A, B) . However, no change was observed for R740A, which had been identified as an interacting residue in trafficking experiments. Therefore, these results are in general terms consistent with the functional data obtained from sensitization and trafficking experiments, and the three approaches together identify a small group of amino acids, namely D738, R740, C742, and V745, as likely to be critical residues in mediating the binding of AKAP79 to TRPV1. The results also confirm previous studies that had identified this region of TRPV1 as the binding site for AKAP79.
Disrupting AKAP79 -TRPV1 interaction by competitive peptides
We next investigated the ability of peptide mimetics of the AKAP79 binding site on TRPV1 to antagonize sensitization caused by activation of PKC. We used whole-cell voltageclamped capsaicin-sensitive DRG neurons and allowed 13 min for the peptide to diffuse from the pipette into the cell before activating PKC with PMA, which in the absence of added peptide produced a substantial sensitization of membrane current carried by TRPV1. Note that sensitization was also seen with the inflammatory mediator bradykinin but was more pronounced with PMA, which more potently activates PKC (Fig. 4 A, B) . As shown previously (Zhang et al., 2008) , the full-length 736-749 peptide caused strong inhibition of sensitization of TRPV1 ( p Ͻ 0.001, ANOVA, HSD post hoc test; Fig. 4C,D) . Dividing this peptide into two showed that 736-742 gave significant inhibition ( p ϭ 0.041), whereas 743-749 was ineffective (Fig. 4C,D) , suggesting that the main AKAP79 binding sites are in the N-terminal half of the peptide. Significant inhibition was also observed with peptide 736-745 ( p ϭ 0.002). These results agree with the results of site-directed mutagenesis, which had identified the region 738 -745 as critical. However, when we removed residue K736, which site-directed mutagenesis had not indicated to be critical, all inhibition was lost (peptides 737-742 and 738 -742; Fig. 4D) . A possible cause may be that a charged N terminal is present in the peptide but not in the protein, and removal of K736 uncovers an additional negative charge at D737 that may inhibit the ability of the peptide to compete for the TRPV1 binding site on AKAP79.
We also tested whether an inhibitory peptide is able to disrupt sensitization of TRPV1 when heat is the activating stimulus. Figure 4 , E and F, shows that the inward current activated in DRG neurons by a brief heat ramp is sensitized by activation of PKC using PMA and that addition of the 736-745 peptide to the intracellular solution significantly inhibited sensitization ( p ϭ 0.028, U test, n ϭ 9 each).
From the combined results using site-directed mutagenesis and peptide antagonists, we identified the peptide sequence 736-745 as a likely candidate for a possible analgesic effect on inflammatory hyperalgesia in vivo. To promote uptake across the neuronal cell membrane, we combined this inhibitory peptide with a domain of TAT (from the HIV transactivator of transcription, amino acids 47-57, YGRKKRRQRRR). We first tested the effectiveness of the TAT-coupled peptide when applied intracellularly, and we found that the inhibition of PKC-mediated sensitization was comparable with that of the unconjugated peptide, whereas a scrambled 736-745-TAT peptide (scramble-TAT) was ineffective ( Fig. 5A-C) . When the 736-745-TAT peptide was applied in the extracellular solution, at a much lower concentration (5 M) than had been used for intracellular application (200 M), the sensitization caused by PMA was not significantly different from zero, whereas in control experiments without peptide or when the scramble-TAT peptide was applied in the extracellular solution, a significant PKC-mediated sensitization was observed ( p ϭ 0.005 and p ϭ 0.009, respectively, Wilcoxon's matchedpairs test; Fig. 5 D, E) . These experiments show that the TATcoupled peptide accumulated within the cell and was able to inhibit PKC-mediated sensitization of TRPV1.
Inhibition of sensitization in vivo
Injection of Formalin into the plantar surface of a paw initiates a biphasic pain-related behavior, in which the first phase is attributable to direct activation of nociceptors, whereas the second phase results from sensitization of nociceptors by inflammatory mediators (Dubuisson and Dennis, 1977; Macpherson et al., 2007; McNamara et al., 2007) . Pharmacological inhibition of TRPV1 reduces Formalin-induced behavioral responses (Tang et al., 2007) , showing that sensitization of TRPV1 by inflammatory mediators is a significant contributor to pain behavior in the Formalin test.
We injected saline, 736-745-TAT (10 M), or scramble-TAT (100 M) into the plantar surface of mouse hindpaws 30 min before injection of Formalin. No differences were observed in the first phase of the Formalin test. However, in the second phase, 736-745-TAT suppressed pain-related behavior compared with saline (p Ͻ 0.001; Fig. 6A, ANOVA, HSD post hoc test) , whereas a 10-fold concentrated Note that PMA generated a more robust and less variable sensitization; the SD/mean was 0.41 for PMA compared with 0.60 for bradykinin (n ϭ 9 -13). C, Sample traces showing effect of peptides corresponding to subsets of the TRPV1 AKAP79 binding site on sensitization of capsaicin by PMA. Peptides (200 M) were added to pipette solution and the cell was held in whole-cell configuration for ϳ13 min without negative pressure before application of PMA to allow diffusion of peptide into cytoplasm. D, Peak current evoked by capsaicin (100 nM, 5 s), normalized to mean of last two stimuli before PMA. Location of peptide shown by colored bars. Mean sensitization over responses 8 -10 shown in the right panel. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 compared with control, n ϭ 8 -16. E, Sensitization of heat-evoked TRPV1 currents by PMA (1 M) was reduced with 736-745 peptide in the recording pipette. F, Specimen of heat-evoked current and temperature ramp measured at the application tip. Heat ramps lasted 5 s and were applied every 45 s. Bottom, Mean of peak responses to three heat stimulations after PMA (see E), normalized to response before. *p Ͻ 0.05 compared to control, n ϭ 9 each. scramble-TAT injection had no effect. In a second model, we directly activated PKC by injecting PMA, which causes a milder phase of delayed nociceptive behavior similar in time course to the second phase of the Formalin test (Ferreira et al., 2005) . In agreement with the data from the Formalin test, 736-745-TAT suppressed pain behavior in the interval 10 -25 min after injection when compared with saline (p ϭ 0.003, ANOVA, HSD post hoc test), whereas scramble-TAT was ineffective (Fig. 6B) .
Finally, we investigated the effect of the 736-745-TAT peptide on inflammatory heat hyperalgesia using the Hargreaves test (Fig.  6C) . Intraplantar injection of carrageenan caused a reduction in the paw-withdrawal latency to a radiant heat stimulus when compared with saline ( p Ͻ 0.001, ANOVA, HSD post hoc test). Preinjection of 736-745-TAT significantly reduced heat hyperalgesia when compared with preinjection of either saline ( p Ͻ 0.001) or scramble-TAT ( p Ͻ 0.001). Notably, preinjection of 736-745-TAT did not affect paw-withdrawal latencies in the absence of inflammation (Fig. 6C ).
Discussion
AKAP79 has been shown to interact with several other receptors and channels, such as the ␤2-adrenergic receptor, KCNQ2 channels, AMPA and NMDA receptors, and L-type voltage-gated Ca 2ϩ channels (for review, see Beene and Scott, 2007) . The interaction of AKAP79 with AMPA and NMDA glutamate receptors has become an important topic of investigation in synaptic plasticity involved in memory and learning. AKAP79 is associated with the AMPA glutamate receptor 1 (GluR1) through the synapse-associated protein 97 (Colledge et al., 2000) . The interaction is thought to mediate long-term potentiation by facilitating the phosphorylation of Ser845 on GluR1, thus enhancing AMPA currents (Roche et al., 1996; Banke et al., 2000). AKAP79 has also been shown to mediate the basal phosphorylation and dephosphorylation of AMPA GluR1 receptors in a process thought to underlie long-term depression (Tavalin et al., 2002) . Moreover, activation of NMDA receptors can regulate the synaptic localization of AKAP79 through activation of calmodulin and remodeling of F-actin (Gomez et al., 2002) and can regulate AMPA receptor endocytosis through the interaction of AKAP79 and the postsynaptic density protein 95 (Bhattacharyya et al., 2009 ). More recently, it has been shown that NMDA receptor activation in trigeminal sensory neurons modulates AKAP150/ 79-mediated phosphorylation of TRPV1 by PKA and PKC (Lee et al., 2012) , suggesting that TRPV1, NMDA receptor, and AKAP150/79 form a signaling complex that could be involved in the underlying sensitization of sensory neurons in inflammatory and neuropathic pain. The work reported here extends a previous study (Zhang et al., 2008) in which a critical role for AKAP79 in sensitization of TRPV1 in primary nociceptive neurons was shown. We used three independent methods to define critical amino acids mediating binding to AKAP79 in the C-terminal of TRPV1. We activated PKC by application of PMA and explored the effect of mutations on sensitization of TRPV1, we examined the ability of mutations to inhibit translocation of TRPV1 to the cell-surface membrane, and we tested the interaction between TRPV1 and AKAP79 directly by coimmunoprecipitation. Amino acids identified as critical on these three measures were overlapping but not completely identical. Thus, C742A and V745A had a clear effect on sensitization (Fig. 2B) ; D738A could not be tested because the mutant made the channel unresponsive to capsaicin (Fig. 1) , for unknown reasons. In the trafficking experiment, D738A, R740A, and C742A were identified. Coimmunoprecipitation identified D738A, C742A, and V745A but not R740A as affecting the direct interaction. The reasons for the discrepancies are not entirely clear, because previous work has shown that both sensitization and trafficking are dependent on binding of AKAP79 to TRPV1 and thus on alignment of PKC and PKA adjacent to the relevant phosphorylation sites (Zhang et al., 2008) . Mutations affecting binding should therefore equally affect sensitization and trafficking. A probable explanation is a certain amount of experimental variability rather than a defect in the underlying hypothesis.
The combination of these three approaches identified a small group of amino acids, namely D738, R740, C742, and V745, as likely critical residues mediating the binding of AKAP79 to TRPV1 (Fig. 7) . The first three critical residues alternate with noncritical residues, suggesting a ␤-sheet configuration for the binding domain of AKAP79 on TRPV1, but structural prediction programs do not strongly favor a ␤-sheet conformation for this region of TRPV1.
Peptides mimicking portions of the TRPV1 AKAP79 binding domain were loaded into DRG neurons via the patch-clamp pipette and tested for their ability to reduce sensitization to both capsaicin and heat. A significant inhibition of sensitization was obtained with a short 736-742 peptide, although the slightly longer 736-745 decapeptide was more effective and was chosen for subsequent studies. The 736-745 domain is the most polar part of the intracellular C terminus (http://web.expasy.org/protscale, Grantham, 7 aa window) and overlaps with all the critical amino acids identified above. When coupled to a TAT peptide, which confers permeability across the cell membrane, we found that this peptide could be applied in the extracellular medium to effectively inhibit sensitization of TRPV1. Critically, the peptide had no effect on the activation of TRPV1 by capsaicin and so does not interfere with the normal gating of TRPV1.
We next chose three models of inflammatory hyperalgesia for in vivo testing of the TAT-coupled inhibitory peptide. Injection of Formalin into a hindpaw initiates an early phase of pain behavior, caused by direct activation of nociceptors, followed by a second phase that depends on the release of inflammatory mediators such as prostaglandin E 2 and bradykinin, which activate PKA and PKC and are therefore likely to sensitize TRPV1 via an AKAP79-dependent mechanism (Dubuisson and Dennis, 1977; Macpherson et al., 2007; McNamara et al., 2007) . In agreement with this prediction, we found that preinjection of the TATcoupled peptide reduced pain-related behavior in the second but not the first phase. We also showed that the peptide inhibited pain behavior using a more specific test, in which injection of PMA, a selective PKC activator, caused pain behavior with a time course similar to that of the second phase of the Formalin test. This finding supports the view that PMA does not directly activate TRPV1, because it causes no early phase of pain behavior similar to that seen in the Formalin test but instead causes a delayed increase in TRPV1 open probability by a PKC-dependent mechanism (Studer and McNaughton, 2010) . In a third model, we induced heat hyperalgesia by injection of carrageenan, which causes a mild inflammation, and showed that the hyperalgesia was reduced by preinjection of the TAT-coupled peptide. In summary, these experiments show that peptides antagonizing the interaction between AKAP79 and TRPV1 can act as effective analgesics in vivo. However, we note that, although the in vivo experiments are consistent with a direct inhibition of TRPV1-AKAP79 binding, we cannot completely exclude the possibility that the inhibitory peptide may also prevent AKAP79 from interacting with other substrates. There is significant homology between the TRPV1 736-745 domain and corresponding domains in TRPV4 and TRPV2 and some limited homology with TRPV3, but there is no homology with other ion channels (Fig. 7) , suggesting that antagonism of the binding between TRPV1 and AKAP79 will be limited to the TRPV family of ion channels. In the case of TRPV4, AKAP79 has been shown to bind to and potentiate its activation (Zhang et al., 2008; Fan et al., 2009) .
A cell-permeable peptide disrupting the interaction between collapsin response mediator protein 2 and the presynaptic Ca v 2.2 voltage-dependent calcium channel has also been shown to reduce inflammatory pain (Brittain et al., 2011) . However, the peptide used in this study inhibited both the first and the second phase of pain behavior in the Formalin test, implying an effect on both acute and inflammatory pain, unlike the TRPV1 736-745-TAT peptide used in the present study that only affects the second phase. In a second paper, a peptide competing with the interaction of Src kinase with NADH (nicotinamide adenine dinucleotide) dehydrogenase subunit 2 (ND2), the adaptor protein . Key residues for the TRPV1-AKAP79 interaction are unique to TRPV1. Within the human genome, more than five consecutive amino acids of the TRPV1 736-749 range are only shared by TRPV4 and TRPV2 (http://blast.ncbi.nlm.nih.gov). Important residues for the inhibition of sensitization as determined by site-directed mutagenesis (indicated by *) and by antagonist peptides (see Fig. 4 through which Src interacts with NMDA, also diminished inflammatory pain (Liu et al., 2008) . Src has been shown to mediate the sensitization of TRPV1 by increasing its trafficking to the plasma membrane (Zhang et al., 2005) , and it would therefore be interesting to assess whether the effects of antagonizing the interaction of Src with ND2 is also mediated via TRPV1.
The experiments reported here demonstrate that a series of key amino acids in the 738 -745 C-terminal domain of TRPV1 is required for interaction with AKAP79/150 and consequently for sensitization mediated by inflammatory mediators that activate PKA and PKC as downstream targets. We found that synthetic peptide mimetics of this binding domain reduced sensitization both in vitro and in vivo but without changing the baseline sensitivity of TRPV1. These results suggest that preventing sensitization of TRPV1 by antagonizing the interaction with AKAP79 will have value as an analgesic strategy and that the approach of interfering with the interaction between AKAP79 and TRPV1, rather than simply blocking TRPV1, may offer a promising therapeutic route for novel analgesics.
